A frequently used experimental model of chronic pancreatitis (CP) recapitulating human disease is repeated injection of cerulein into mice. C57BL/6 is the most commonly used inbred mouse strain for biomedical research, but widespread demand has led to generation of several substrains with subtly different phenotypes. In this study, two common substrains, C57BL/6J and C57BL/6NHsd, exhibited different degrees of CP, with C57BL/6J being more susceptible to repetitive cerulein-induced CP as assessed by pancreatic atrophy, pancreatic morphological changes, and fibrosis. We hypothesized that the deficiency of nicotinamide nucleotide transhydrogenase (NNT) protein in C57BL/6J is responsible for the more severe C57BL/6J phenotype but the parameters of CP in NNT-expressing transgenic mice generated on a C57BL6/J background do not differ with those of wild-type C57BL/6J. The highly similar genetic backgrounds but different CP phenotypes of these two substrains presents a unique opportunity to discover genes important in pathogenesis of CP. We therefore performed whole mouse genome Affymetrix microarray analysis of pancreatic gene expression of C57BL/6J and C57BL/6NHsd before and after induction of CP. Genes with differentially regulated expression between the two substrains that might be candidates in CP progression included Mmp7, Pcolce2, Itih4, Wdfy1, and Vtn. We also identified several genes associated with development of CP in both substrains, including RIKEN cDNA 1810009J06 gene (trypsinogen 5), Ccl8, and Ccl6. (Am J Pathol 2013, 183: 692e708; http://dx.
A frequently used experimental model of chronic pancreatitis (CP) recapitulating human disease is repeated injection of cerulein into mice. C57BL/6 is the most commonly used inbred mouse strain for biomedical research, but widespread demand has led to generation of several substrains with subtly different phenotypes. In this study, two common substrains, C57BL/6J and C57BL/6NHsd, exhibited different degrees of CP, with C57BL/6J being more susceptible to repetitive cerulein-induced CP as assessed by pancreatic atrophy, pancreatic morphological changes, and fibrosis. We hypothesized that the deficiency of nicotinamide nucleotide transhydrogenase (NNT) protein in C57BL/6J is responsible for the more severe C57BL/6J phenotype but the parameters of CP in NNT-expressing transgenic mice generated on a C57BL6/J background do not differ with those of wild-type C57BL/6J. The highly similar genetic backgrounds but different CP phenotypes of these two substrains presents a unique opportunity to discover genes important in pathogenesis of CP. We therefore performed whole mouse genome Affymetrix microarray analysis of pancreatic gene expression of C57BL/6J and C57BL/6NHsd before and after induction of CP. Genes with differentially regulated expression between the two substrains that might be candidates in CP progression included Mmp7, Pcolce2, Itih4, Wdfy1, and Vtn. We also identified several genes associated with development of CP in both substrains, including RIKEN cDNA 1810009J06 gene (trypsinogen 5), Ccl8, and Ccl6. (Am J Pathol 2013, 183: 692e708; http://dx.doi.org/10.1016/j.ajpath.2013.05.020) Chronic pancreatitis (CP) is an irreversible process characterized by chronic inflammation, acinar cell loss, and progressive fibrosis of the pancreas. 1 Identified risk factors for the development of CP include alcoholism, smoking, autoimmune injury, and hereditary factors. 2 Activated pancreatic stellate cells (PSCs) play a major role in the development of pancreatic fibrosis. 3 The mechanism of CP is an area of active investigation, and a variety of experimental animal models of CP have been described. 4 Repeated episodes of acute pancreatitis induced by injecting the cholecystokinin analog cerulein in mice induces CP similar to that of human CP, 5, 6 and this model is widely used to study the causes and treatment of CP.
The C57BL/6 strain is the most commonly used mouse strain in biomedical research, including research into the mechanism of CP. In experiments using genetically modified C57BL/6 mice, wild-type C57BL/6 mice are typically used as experimental controls, on the assumption that the genetically engineered mice and control mice differ only in the artificially altered genes. The validity of this assumption may depend also on the substrain of the C57BL/6 mice used as comparators. Multiple substrains of C57BL/6 mice have been produced through decades of propagation in different mouse breeding facilities. Data have begun to accumulate that these substrains have important genetic and phenotypic differences and that they cannot be used interchangeably. 7e10 Here, we report major differences in the parameters of CP induced by repetitive injection of cerulein between C57BL/6J mice (B6J) from the Jackson Laboratory (Bar Harbor, ME) and C57BL/ 6NHsd mice (B6N) from Harlan Laboratories (Indianapolis, IN). The C57BL/6 strain was used to establish the B6J colony at the Jackson Laboratory in 1948, and the B6J mice from the Jackson Laboratory were subsequently used to establish a C57BL/6 colony at the NIH in 1951. The B6N colony was established by Harlan Laboratories from NIH stock in 1974. Thus, the B6J and B6N colonies have been inbred separately for more than six decades, allowing genetic divergence over time. 11 The most striking example of this divergence is a spontaneous deletion in the B6J substrain causing the loss of several exons and thereby loss of function of the nicotinamide nucleotide transhydrogenase (Nnt) gene in B6J mice. 12, 13 In the present study, observed differences in the CP phenotype of the closely related B6J and B6N substrains provided a unique opportunity to identify candidate genes that contribute to the development of CP. Because one difference between these two substrains is the absence of a functional NNT protein in B6J, we started by evaluating of the role of NNT in the CP model. NNT is a nuclear encoded mitochondrial inner membrane protein that plays a role in the detoxification of mitochondrial reactive oxygen species and might be an essential factor in different pathological conditions associated with mitochondrial dysfunction. 13e15 Mitochondrial dysfunction has been shown to play a critical role in the pathogenesis of pancreatic acinar cell injury, resulting in pancreatitis. 16, 17 The NNT protein was therefore a rational candidate for a contributor to pancreatitis susceptibility. To analyze whether NNT expression is an important factor in CP, we compared the course of cerulein-induced chronic and acute pancreatitis of NNT-expressing transgenic mice on the B6J Jackson background versus wild-type B6 mice (Nnt À/À ). We also sought to identify the spectrum of candidate genes that might contribute to the difference in the severity of CP between the two C57BL/6 substrains, and that may thus represent CP susceptibility genes, by performing transcriptome analysis of pancreatic tissues from B6J and B6N mice before and after CP induction.
Materials and Methods
Animals C57BL/6J (B6J) mice were obtained from the Jackson Laboratory. C57BL/6NHsd (B6N) mice were obtained from Harlan Laboratories. NNT-expressing transgenic mice on the C57BL/6J background (Nnt þ/þ ) and C57BL/6J (Nnt À/À ) control mice were provided by MRC Harwell (Harwell, UK). All mice were housed in standard facilities under conditions of controlled temperature, humidity, and a 12-hour light/dark cycle; mice were maintained on standard rodent chow with free access to water. Animal care and all procedures were approved by the Institutional Animal Care and Use Committee of Saint Louis University. Mice obtained from commercial vendors were kept in the Saint Louis University animal facility for 2 weeks before the start of experiments. Nnt À/À and Nnt þ/þ mice were propagated at the Saint Louis University animal facility to obtain sufficient numbers of mice for conducting the experiments. Genotyping was performed as described below.
Experimental Model of CP and Tissue Processing
CP was induced in 8-week-old B6J and B6N female mice (18 to 20 g body weight) by repeated intraperitoneal injections of cerulein (Sigma-Aldrich, St. Louis, MO), 50 mg/kg hourly, as described previously. 18 Six hourly injections given in one day constituted one treatment. Treatments were given every other day for a total of three treatments. Sexand age-matched control mice received comparable injections of saline. To allow resolution of acute changes, mice were euthanized by CO 2 asphyxiation at 3 days after their final cerulein treatment. Each pancreas was removed, weighed, and divided into three sections. One section was fixed in 10% neutral buffered formalin solution (Sigma-Aldrich) for histological analysis, another was immediately frozen in liquid nitrogen and stored at À80 C for subsequent protein extraction and Western blot analysis, and the third portion was placed in an RNA-stabilizing solution (Ambion RNAlater; Life Technologies, Carlsbad, CA) and stored overnight at 4 C for RNA isolation and subsequent real-time quantitative PCR (qPCR) analysis.
Experimental Model of Acute Pancreatitis and Tissue Processing
To evaluate acute injury, 8-week-old female B6J and B6N mice were subjected to a single cerulein treatment (ie, six hourly injections of 50 mg/kg each), and at 9 hours after the first cerulein injection the mice were euthanized by CO 2 asphyxiation. Sex-and age-matched control mice received comparable injections of saline solution. Each pancreas was removed, weighed, and placed in 10% neutral buffered formalin solution (Sigma-Aldrich) for histological analysis. Blood was collected at this time for measuring plasma amylase activity.
Histology Analysis
Formalin-fixed pancreatic tissues were embedded in paraffin, sectioned, and stained with H&E using standard protocols for microscopic evaluation. Slides were graded by an experienced pathologist (K.O.) masked to treatment group and substrain using a semiquantitative histopathology scoring system similar to one that we have described previously. 18, 19 In the grading system used for the analysis of slides after induction of CP, within the pancreatic sections any areas of abnormal architecture were estimated as a percentage of the normal area. Within these abnormal areas, necrosis was graded as 0 Z absent, 1 Z minimal (<10%), 2 Z moderate (10% to 50%), and 3 Z severe (>50%). In addition, the presence of acute inflammatory cells (mainly neutrophils) and chronic inflammatory cells (mononuclear cells) was graded as 0 Z absent, 1 Z minimal, 2 Z mild, 3 Z moderate, and 4 Z severe. H&Estained pancreatic sections obtained at 9 hours after induction of acute pancreatitis were graded on four criteria, vacuolization, necrosis, inflammation, edema, on the following scales. Vacuolization was graded as 0 Z absent, 1 Z 5% to 14%, 2 Z 15% to 35%, 3 Z 35% to 50%, and 4 Z >50%. Necrosis was graded as 0 Z absent, 1 Z periductal necrosis <5%, 2 Z focal necrosis 5% to 20%, and 3 Z diffuse periductal necrosis 20% to 50%. Inflammation was graded as 0 Z absence of inflammatory infiltrates, 1 Z inflammatory infiltration in ducts, 2 Z inflammatory infiltration in the parenchyma <50%, and 3 Z inflammatory infiltration in the parenchyma >50%. Edema was graded as 0 Z absent, 1 Z focally increased between lobules, 2 Z diffusely increased between lobules, and 3 Z acini disrupted and separated.
To evaluate pancreatic collagen content, paraffinembedded pancreatic sections were stained with Sirius Red (F3B) solution, as we have described previously. 18 The extent of collagen accumulation was evaluated by morphometric analysis 20 as we have detailed previously, 18, 19 relative to the amount of collagen in the saline-treated controls.
Western Blotting
To obtain pancreatic protein, frozen pancreatic tissues were homogenized in ice-cold radioimmunoprecipitation assay buffer containing 150 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 7.4, 1 mmol/L EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholic acid, and a freshly added mixture of proteinase inhibitor cocktail (Sigma-Aldrich). Total protein extract (20 mg) was resolved by SDS-PAGE and blotted to Immobilon-P polyvinylidene difluoride transfer membranes (EMD Millipore, Billerica, MA). Blots were blocked in 5% nonfat dried milk in TBST buffer (10 mmol/L Tris-HCl, pH 7.4, 0.9% NaCl, and 0.05% Tween 20) and were probed with primary antibody. a-SMA protein was detected with monoclonal antiea-SMA antibody (Sigma-Aldrich). For the loading control, blots were probed with an antibody to extracellular signal-regulated kinase 1/2 (ERK1/2) [ERK 1 antibody (C-16); Santa Cruz Biotechnology, Santa Cruz, CA]. ERK1/2 is an established loading control for quantification of pancreatic proteins after cerulein-induced chronic and acute pancreatitis. 21, 22 NNT protein was detected using a custom-made (Eurogentec, Liege, Belgium) polyclonal NNT antibody, 23 and a polyclonal b-actin antibody (Santa Cruz Biotechnology) was used as a loading control. Signals were developed using horseradish peroxidaseeconjugated anti-mouse IgG (Sigma-Aldrich) for a-SMA and anti-rabbit IgG (Santa Cruz Biotechnology) for NNT, ERK1/2, and bactin, with Amersham ECL Plus Western blotting detection reagent (GE Healthcare, Little Chalfont, UK). Protein band intensities were quantified using a Personal Densitometer SI, Model 375 (Molecular Dynamics, Sunnyvale, CA) and ImageJ software version 1.37 (NIH, Bethesda, MD).
Genomic DNA Extraction and the NNT Mutation Detection
Genomic DNA was isolated from the mouse tail snips by overnight digestion in 500 mL of lysis buffer (100 mmol/L Tris-HCl, pH 8.5, 5 mmol/L EDTA, 0.2% SDS, 200 mmol/L NaCl) containing 0.6 mg/mL of proteinase K (Sigma-Aldrich) at 50 C. After the incubation, samples were centrifuged at 14,000 Â g, and DNA was precipitated from the supernatant by isopropanol, washed with 70% ethanol, and resuspended in 200 mL of TE buffer (10 mmol/L Tris-HCl, pH 8.0, 1 mmol/ L EDTA). Three microliters of the solution was used in each PCR reaction. Primer sequences for the detection of the Nnt mutation were based on the sequences in the Primer Bank (http://pga.mgh.harvard.edu/primerbank, last accessed March 2, 2010) 24 : forward primer, 5 0 -GGGTCAGTTGT-TGTGGATTTAGC-3 0 ; reverse primer, 5 0 -GCCTTCAGGA-GCTTAGTGATGTT-3 0 . The correspond-ing amplicon is in exons 7 and 8, which are deleted in B6J mice. The expected size of the PCR product in B6N mice is 732 bp.
Mitochondria Isolation
Mitochondrial fractions were isolated from the frozen pancreatic tissues using a Pierce mitochondrial isolation kit 
Acta2, alpha2, smooth muscle, aorta; C4b, complement component 4B (Chido blood group); Ccl8, chemokine (C-C motif) ligand 8; Itih4, inter alpha-trypsin inhibitor, heavy chain 4; Pcolce2, procollagen C-endopeptidase enhancer 2; 1810009J06Rik, RIKEN cDNA 1810009J06 gene (trypsinogen 5); Rplp0, ribosomal protein, large, P0 [alias acidic ribosomal protein P0 (Arbp)]; Vim, vimentin; Vtn, vitronectin; Wdfy1, WD repeat and FYVE domain containing 1. ajp.amjpathol.org -The American Journal of Pathology for tissue (Thermo Fisher Scientific, Rockford, IL) according to the manufacturer's instructions. Five micrograms of total mitochondrial protein was used for the Western blot analysis.
qPCR Analysis
Total RNA was prepared from pancreatic tissues stabilized in Ambion RNAlater solution (Life Technologies) by extraction with TRIzol reagent (Life Technologies) according to the manufacturer's protocol. The concentration and purity of isolated RNA was estimated by measuring absorbances at 260 and 280 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). For qPCR assay, 2 mg of total RNA was treated with Turbo DNase (Life Technologies) and reverse-transcribed to cDNA using a high-capacity RNAeto-cDNA kit (Life Technologies). qPCR was performed with a 7500 real-time PCR System (Life Technologies) using SYBR Green realtime PCR ReadyMix Low Rox (Sigma-Aldrich) according to the manufacturer's instructions. PCR primers were synthesized by Life Technologies based on the sequences from Primer Bank. 24 The primer sequences of transcripts evaluated by qPCR are listed in Table 1 . Threshold cycle numbers were determined using Applied Biosystems 7500 software version 2.05 (Life Technologies). Amplification products were verified by melting curves. The efficiency of amplification for each set of primers was tested by a serial dilution of the templates and corresponded to a two-fold increase per amplification cycle. Control reactions in the absence of template were used as negative controls. Results were calculated with normalization to ribosomal protein, large, P0 (Rplp0) mRNA. Rplp0 [alias acidic ribosomal phosphoprotein P0 (Arbp)] was chosen as the housekeeping gene because it was previously demonstrated that its mRNA does not change significantly with single or multiple episodes of cerulein-induced pancreatitis. 18,25e27 The comparative threshold cycle method 28 was used to calculate changes in mRNA abundance.
Microarrays
Total RNA was isolated from pancreatic tissues of B6J and B6N mice at day 10 after induction of CP by repetitive cerulein treatment and from saline-treated B6J and B6N controls. To prepare total RNA, pancreatic tissue in RNA stabilization solution (Ambion RNAlater; Life Technologies) was first extracted with TRIzol reagent (Life Technologies) according to the manufacturer's instructions and then further purified using an RNeasy mini kit (Qiagen, Valencia, CA). RNA integrity was confirmed with an Agilent 2100 bioanalyzer (Agilent Mice were subjected to three episodes of cerulein treatment over 5 days to induce CP and were sacrificed at 3 days after the last treatment. A: Loss of pancreatic weight relative to total body weight indicates significant pancreatic atrophy. B6J mice have significantly more pancreatic atrophy, compared with B6N mice. B: Histological changes in H&E-stained pancreas of B6N and B6J mice after induction of CP. Pancreas from B6N and B6J mice after control saline treatment shows no abnormalities. After cerulein treatment, pancreas from both B6J and B6N mice shows disrupted acinar architecture, dedifferentiation to tubular complexes, and interstitial inflammation; all of these parameters were more severe in B6J than B6N mice ( Table 2 ). Data are expressed as means AE SEM. n Z 6 mice per group. ***P < 0.001. Original magnification, Â200. 
Histopathology was scored as described under Materials and Methods. Higher values indicate greater severity. Data are expressed as means AE SEM. n Z 5 mice per group. P values were calculated between ceruleintreated B6N and B6J mice.
*For acute inflammation, the content of acute inflammatory cells (neutrophils) was graded. y For chronic inflammation, the content of mononuclear cells was graded.
Cerulein-Induced CP Profile
The American Journal of Pathologyajp.amjpathol.org Technologies, Santa Clara, CA), and concentrations were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). Samples of 200 mg of total RNA were reversed-transcribed and then amplified by in vitro transcription according to the Affymetrix (Santa Clara, CA) standard protocol. Mouse Affymetrix GeneChip Mouse Genome 430.2.0 arrays were used for all hybridizations. These arrays contain probes representing more than 39,000 mouse transcripts. Four groups (cerulein-treated B6J, ceruleintreated B6N, saline-treated B6J, and saline-treated B6N) were each analyzed in triplicate (12 microarrays total). Microarray data were normalized and statistically analyzed using the Affymetrix Expression Console version 1.2 (Santa Clara, CA), R/Bioconductor version 2.7 (http://www.bioconductor.org, last accessed October 19, 2011), and Partek Genomics Suite version 6.5 (Partek, St. Louis, MO) software packages. Microarray hybridization and analysis were performed at the microarray core facility of Saint Louis University.
Pathway analysis was performed using DAVID (Database for Annotation, Visualization and Integrated Discovery) Bioinformatic Resources version 6.7 (http://david.abcc.ncifcrf. gov/home.jsp, last accessed January 12, 2012). 29 The data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus 30 and are accessible through GEO series (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accZ GSE41418; accession number GSE41418).
Pancreatic Stellate Cell Isolation and Culture
Pancreata of 7-to 9-week-old mice (n Z 9 for each B6N and B6J substrain) were combined for PSC isolation. PSCs were isolated using collagenase digestion and gradient centrifugation as we have described previously. 19 Isolated cells were plated on 100-mm plastic culture plates and were maintained in 10% fetal bovine serum in Dulbecco's modified Eagle's medium (Sigma-Aldrich) with antibiotics (Penicillin, 100 units, Streptomycin, 0.1 mg/mL) in a humidifying incubator with a 5% CO 2 eenriched atmosphere at 37 C. PSCs were cultured for 9 days, plated on 12-well plates (Corning, Corning, NY), and cultured for another 48 hours. Cells were serum starved for 48 hours; RNA was then extracted using TRIzol reagent (Life Technologies) and used for the qPCR analysis. Collagen staining was more pronounced in B6J than in B6N mice. B: Quantification by morphometric analysis showed that the relative amount of pancreatic collagen was greater in B6J than in B6N mice. Data are expressed as means AE SEM. n Z 6. *P Z 0.0005. Original magnification, Â200.
Figure 3 Activation of PSCs after induction of CP. A: Western blotting
of pancreatic extracts demonstrated increased expression of a-SMA, a marker of PCS activation, in both B6N and B6J mice. ERK1/2 was used as a loading control. B: Densitometric analysis of a-SMA protein expression after induction of CP. An increase in a-SMA expression was observed for B6J mice, compared with B6N mice, but the difference did not reach statistical significance (P Z 0.9). Data are expressed as means AE SEM. n Z 5 mice per group.
Statistical Analysis
Nonparametric U-test was used for statistical analysis of histological measures of chronic and acute pancreatitis. Statistical analysis of all other experiments was performed using one-way analysis of variance followed by two-tailed ttest. P values of <0.05 were considered to be statistically significant (SigmaStat software version 3.1, San Jose, CA). For qPCR results, DC T values were used for statistical analysis, as recommended. 31 Data are expressed as means AE SEM or as means with confidence intervals.
Results
Cerulein-Induced CP Is More Severe in B6J than in B6N Mice CP was induced in groups of B6J and B6N mice by repetitive cerulein treatment. Saline-treated mice were used as controls. The ratios of pancreatic weight to body weight, as well as histological changes, were evaluated to assess pancreatic atrophy, inflammation, and fibrosis. Pancreatic weights were significantly lower in cerulein-treated groups, compared with control mice, indicating significant organ atrophy with repetitive injury. B6J mice were found to have more pancreatic atrophy after cerulein treatment, compared with B6N mice ( Figure 1A ). Morphological changes in the pancreas were assessed by H&E staining ( Figure 1B and Table 2 ). In the untreated mice, the acinar units were tightly packed, and there were no apparent differences between B6N and B6J mice ( Figure 1B ). Repetitive cerulein treatment caused significant morphological alterations, including disruption of acinar cell architecture and inflammatory cell infiltration. These alterations were more severe in cerulein-treated B6J mice than in Figure 4 Parameters of acute pancreatic injury in B6J and B6N substrains. Mice were subjected to a single episode of acute pancreatitis (six hourly injections in one day) and were sacrificed at 9 hours after the first cerulein injection. Saline-injected mice were used as controls. A: Pancreatic edema, measured as the ratio of pancreatic weight to body weight, showed similar increases in B6N and B6J mice. B: Plasma amylase levels were also elevated similarly in B6N and B6J mice. C: Histological changes in the pancreas were evaluated by H&E staining. Pancreas from saline-treated mice appeared normal, whereas the pancreas from cerulein-treated mice showed acute injury including vacuolization, inflammatory cell infiltration, and necrosis. Data are expressed as means AE SEM. n Z 6 mice per group. **P < 0.01. Original magnification, Â200. Vacuolization B6N mice, as assessed by masked evaluation ( Table 2 and Figure 1B ).
Fibrosis Associated with CP Is Greater in B6J than in B6N Mice
Pancreatic damage in CP is associated with pancreatic fibrogenesis, a process that may interfere with normal regeneration and organ function just as it does in the liver. We used Sirius Red staining of pancreatic sections as a measure of collagen deposition and found increased collagen content of ceruleintreated B6J mice, compared with B6N mice (Figure 2A ). To quantify these fibrotic changes, the extent of Sirius Red staining was evaluated with morphometric image analysis ( Figure 2B ). This analysis demonstrated that the amount of pancreatic Sirius Red-positive staining was higher in B6J mice than in B6N mice. PSCs play a key role in extracellular matrix deposition and pancreatic fibrosis. In response to injury, PSCs develop an activated myofibroblast-like phenotype with increased a-SMA accumulation. The level of a-SMA protein varied among similarly treated mice and showed a trend toward being greater in B6J mice than in B6N mice ( Figure 3 ).
Degree of Acute Pancreatic Injury Induced by Cerulein Is Similar in B6J and B6N Mice
To assess the possibility that the difference in the degree of CP between B6J and B6N mice arises from differences in the degree of acute cerulein-induced injury, we compared the parameters of acute pancreatic injury after a single episode of cerulein treatment. As a measure of acute pancreatic injury, the following parameters were evaluated: pancreatic edema (ratio of pancreatic weight to mouse weight), plasma level of amylase, and histological scoring of H&E-stained pancreatic sections at 9 hours after the first cerulein injection (Figure 4 ). Pancreatic edema and plasma amylase levels increased significantly after acute pancreatic injury with no differences between B6J and B6N substrains ( Figure 4 , A and B). Histological manifestations of acute pancreatic injury as assessed by masked scoring were also not significantly different between B6N and B6J mice ( Figure 4C and Table 3 ).
Absence of NNT Protein in B6J Mice Is Not Responsible for the More Severe CP
We confirmed the deletion of the Nnt gene in B6J mice obtained from the Jackson Laboratory by PCR amplification of genomic DNA using primers designed to span the deleted exons ( Figure 5A ). The expression of NNT protein in the pancreas of B6N mice and the absence of such expression in the pancreas of B6J mice was confirmed by Western blot analysis ( Figure 5B ).
To determine whether the absence of NNT expression in B6J mice contributes to the more severe CP phenotype in this substrain, we compared the degree of cerulein-induced CP in B6J mice and transgenic mice expressing NNT protein on the B6J background. The NNT transgenic mice were generated previously at MRC Harwell, to investigate the role of NNT protein in glucose intolerance in B6J mice. 23, 32 Those studies demonstrated that transgenic A transcript was considered to be highly significantly divergently expressed between B6J and B6N substrains if the P value between strains was <0.01 and the average fold change was >2. A minus sign in the fold difference column indicates lower mRNA abundance in B6J versus B6N. Chr, chromosome.
*Significantly altered after cerulein treatment in the CP mouse model. ajp.amjpathol.org -The American Journal of Pathology expression of NNT in B6J mice rescued the B6J glucoseintolerance phenotype, indicating that transgenic mice express functional NNT protein. To confirm that transgenic B6J mice express NNT protein in mitochondria at a level similar to that of B6N mice, we performed Western blot analysis of NNT protein from isolated pancreatic mitochondria. The results confirmed that similar levels of NNT protein are expressed in NNT transgenic mice and B6N mice ( Figure 6 ).
To investigate the role of NNT in CP, CP was induced in wild-type B6J mice (Nnt À/À ) and NNT transgenic mice (Nnt þ/þ ) on the same B6J background using repetitive cerulein treatment (6 or 7 mice per group). Sex-and age-matched groups of Nnt À/À and Nnt þ/þ mice were used as saline-treated controls. Although repetitive cerulein treatment caused significant pancreatic damage and fibrosis, we did not find any differences in any of the parameters (measured as described in the previous section for B6J and B6N mice) between ceruleintreated Nnt À/À and Nnt þ/þ mice (data not shown), indicating that the presence of NNT in the transgenic mice was not protective against CP and that the substrain difference in CP severity is not due to the absence of NNT in B6J mice.
Substrain Differences in mRNA Expression of Other Genes in the Normal Pancreas
To explore the differences in expression of other genes in the two substrains after injury, we first determined whether there were differences in gene expression in these mice under basal conditions without any treatment. Affymetrix microarray analysis of pancreatic mRNA from normal pancreas of B6N and B6J mice revealed that most of the mRNAs from these two substrains were expressed at similar levels. Nevertheless, seven mRNAs (including NNT) exhibited significant differences between substrains, with more than twofold change (P < 0.01) in their expression as assessed by microarray ( Table 4 ). The presence of detectable NNT mRNA on the microarray in B6J mice has been attributed to the presence of a short truncated unstable mRNA transcript that does not lead to production of functional NNT protein in this substrain. 13 The difference in gene expression under basal conditions identified on the microarray was confirmed by qPCR for Itih4 ( Figure 7A ).
Pancreatic Gene Expression Profile Associated with Cerulein-Induced CP in B6N and B6J Substrains
Induction of CP caused significant changes in the pattern of pancreatic gene expression in both B6N and B6J substrains, as determined by comparing pancreatic mRNA expression before and after the repetitive cerulein treatment, using microarray analysis. On average, close to 7% of genes were up-regulated and approximately 0.7% of genes were downregulated more than twofold (P < 0.01) after repetitive cerulein treatment in both substrains. The genes identified by this analysis were involved mainly in eight cellular pathways: cell cycle, DNA replication and repair, focal adhesion, fibrosis, ubiquitin-mediated proteolysis, cancer, apoptosis, and immune response. Genes that were differentially regulated by more than 10-fold (P < 0.01) in one or both of the substrains after induction of CP are listed in Table 5 . Genes associated with fibrosis that were differentially regulated to the greatest degree included collagen, type V, alpha 2 (Col1a2); collagen, type III, alpha 1 (Col3a1); collagen, type V, alpha 2 (Col5a2); CD44 antigen (Cd44); inter alpha-trypsin inhibitor heavy chain 4 (Itih4), and matrix metalloproteinases 2 and 7 (Mmp2 and Mmp7). Itih4 mRNA expression in the pancreas after induction of CP was much lower in B6J mice than in B6N mice under control conditions of saline injections. After induction of CP, pancreatic Itih4 expression was markedly down-regulated in both substrains, but its expression was higher in B6N than in B6J. B: Itih4 mRNA expression in the pancreas 9 hours after the acute injury induced by one cerulein treatment. Acute injury did not decrease Itih4 mRNA expression. Itih4 mRNA expression was normalized to Rplp0 and expressed as fold increase over the level in B6N saline-treated control mice. Data are expressed as means with 95% confidence intervals. Confidence intervals were calculated using the DC T values before exponential transformation to fold increase in mRNA and are therefore asymmetric about the means. n Z 6. *P < 0.05. with cerulein-induced CP in mouse correspond to human CP profiles, we compared the results of our microarray analysis with a published list of 107 pancreatic human genes up-regulated in stromal compartments of patients with CP and pancreatic cancer. 33 Of the human genes on that list, 40% were also up-regulated in our cerulein model of mouse CP. Among these mouse genes were apolipoprotein E (Apoe); cathepsin K (Ctsk); cathepsin S (Ctss); Fc receptor, IgE, high affinity I, gamma polypeptide (Fcer1g); lumican (Lum); lysyl oxidase (Lox); Mmp2; periostin, osteoblast specific factor (Postn); and Col1a2, Col3a1, Col5a2, and Col1a1.
To determine whether gene expression profiles associated

Trypsinogen 5 mRNA (Homolog of Human Mesotrypsinogen) Is Strongly Up-Regulated in the Pancreas of Mice with Cerulein-Induced Chronic and Acute Pancreatitis
Microarray analysis revealed that the 1810009J06Rik transcript was the most highly up-regulated gene (up to 160-fold) Only transcripts that were regulated more than 10-fold in at least one of the substrains (B6J or B6N) are shown. P < 0.01, cerulein-treated versus control probes. A minus sign in the fold change column indicates downregulation in B6J versus B6N. *Expressed at significantly different level (fold change >2) between B6J and B6N after cerulein treatment in the CP mouse model. P < 0.05.
in the pancreas of mice with CP, in both the B6J and the B6N substrain. Using NCBI BLAST homology search of human transcripts, we found that 1810009J06Rik is most closely related to the human mesotrypsinogen gene (protease, serine, 3; PSSR3), with 75% identity. Mesotrypsinogen is a minor trypsinogen isoform that is resistant to naturally occurring trypsin inhibitors. The functional ortholog of human mesotrypsin in the rat is a protein identified as P23, and P23 expression in rats is also up-regulated by cerulein. To determine whether mouse 1810009J06Rik is similar to rat P23, we compared the sequences of these transcripts and found that they have 95% sequence identity. All active sites of rat P23 are preserved in mouse 1810009J06Rik, including the sequence differences that distinguish it from other trypsinogen isoforms and make P23 resistant to endogenous trypsin inhibitors. These findings indicate that 1810009J06Rik is the mouse homolog of rat P23. There are 20 trypsinogen genes (T1 to T20) in mouse, 12 of which express trypsinogen proteins. 34, 35 According to this classification, 1810009J06Rik is identified as T5. We did not find any significant induction in the mRNA expression of other trypsinogens with repetitive cerulein treatment. The mRNA of T7, an isoform demonstrated to be involved in pathological intra-acinar trypsinogen activation in mice, 36 was slightly (1.4-fold) but significantly (P Z 0.006) down-regulated. In the pancreas of mice with CP, T5 and T7 mRNA were expressed at similar levels. The result of microarray analysis of T5 mRNA expression was validated by RT-qPCR analysis. The expression of T5 mRNA was induced more than 1000-fold in the repetitive cerulein model of CP ( Figure 8A ). Because the severity of cerulein-induced acute pancreatitis episodes may determine the severity of the resulting CP phenotype, we evaluated whether cerulein induces T5 expression in the acute pancreatitis model and found that T5 mRNA is also strongly up-regulated, in the acute pancreatitis model, similar to the CP model ( Figure 8B ).
Two Members of the Chemokine (C-C Motif) Family of Ligands, Ccl8 and Ccl6, Are Strongly Up-Regulated in the Pancreas of Mice with Cerulein-Induced CP
Chemokines are involved in the pathogenesis of inflammatory and fibrotic diseases, including CP. A number of cytokines and chemokines were differentially regulated after repetitive cerulein treatment, as determined by microarray analysis. Among these, two chemokines were up-regulated the most: chemokine (C-C motif) ligand 8 [Ccl8; alias monocyte chemoattractant protein 2 (MCP-2)]) and chemokine (C-C motif) ligand 6 (Ccl6). In fact, Ccl8 was the second most highly regulated gene in the microarray (after T5) ( Table 5 ). Microarray data for Ccl8 were evaluated by qPCR analysis (Figure 9A ). The B6J substrain demonstrated higher Ccl8 mRNA expression than the B6N substrain in microarray analysis (P < 0.05), but with only a trend toward higher expression in qPCR analysis (P Z 0.2). The expression of Ccl8 mRNA after induction of acute pancreatitis was much lower, with only an approximately 2.5-fold increase, only in the B6J substrain ( Figure 9B ).
Genes with Differentially Regulated Expression between B6J and B6N Mice with CP Are Identified as Potential Candidate Genes in the Development of CP
Based on the differences in the course of CP between B6J and B6N substrains, we sought to identify genes within the most differentially regulated microarray data (defined by P < 0.01 and average fold change of >2) that were associated with the differences in the disease severity. Using this approach, we identified nine genes differentially expressed between normal pancreas and CP and between B6J and B6N substrains after induction of CP (Table 6 ). Of these genes, five were up-regulated in the B6J substrain that develops more severe CP, compared with the B6N substrain, and the other four were down-regulated.
One of the genes that was up-regulated in CP and further up-regulated in the B6J substrain was procollagen C-endopeptidase enhancer 2 (Pcolce2). Collagen is secreted as a soluble procollagen molecule with C-and N-terminal Pancreatic T5 expression in saline-injected control mice and in repetitive cerulein-injected mice after induction of CP. T5 expression was significantly induced after induction of CP in both B6N and B6J substrains. B: Pancreatic T5 expression in mice after acute cerulein-induced injury. Similar to the increase in CP, T5 mRNA expression was significantly induced in both substrains after acute injury. T5 mRNA expression was normalized to Rplp0 and expressed as fold increase over the level in B6N saline-treated control mice. Data are expressed as means with 95% confidence intervals. Confidence intervals were calculated using the DC T values before exponential transformation to fold increase in mRNA and are therefore asymmetric about the means. n Z 6. *P < 0.05. ajp.amjpathol.org -The American Journal of Pathology propeptides attached. Enzymatic cleavage of C-terminal propeptide by bone morphogenic protein 1 (BMP-1) is required for collagen incorporation into insoluble collagen fibrils. 37 The Pcolce2 protein enhances catalytic activity of BMP-1 for fibrillar collagen formation. 38 Thus, Pcolce2 could be a factor responsible for the increased collagen accumulation in B6J mice. Although there are no data in the literature on the role of Pcolce2 in pancreatic fibrosis, Pcolce2-deficient mice exhibited decreased collagen deposition in myocardium of pressure overloaded mice. 39 Another highly induced and differentially regulated gene identified on the microarrays, Mmp7 (which encodes matrilysin) has been reported to play an essential role in the development of CP in an obstructive pancreatitis mouse model. 40 Mmp7 protein levels are also highly up-regulated in human and mouse pancreatic ductal adenocarcinomas and noninvasive ductal precursors, and Mmp7 expression is necessary for pancreatic ductal adenocarcinoma progression. 41 We identified inter a-trypsin inhibitor, heavy chain 4 (Itih4) as a gene differentially expressed between substrains in both normal pancreas (Table 4 ) and in the pancreas of mice with CP (Table 6 ) (B6N > B6J). Itih4 mRNA expression was markedly down-regulated after repetitive cerulein treatment ( Table 5 ). The precise function of the Itih4 protein is not known. Studies have shown that Itih4 can bind to hyaluronan and thereby stabilize extracellular matrix, 42 and Itih4 has also been proposed as a new serum biomarker for liver fibrosis in hepatitis C patients, because it was strongly down-regulated in the blood in patients with cirrhosis. 43 To validate our microarray results, we performed qPCR analysis of Itih4 mRNA expression in mouse pancreas before and after the repetitive cerulein injury ( Figure 7A ). The results confirmed differential expression of Itih4 mRNA between the substrains and significant down-regulation of Itih4 expression in the pancreas of mice with CP. To evaluate whether Itih4 mRNA expression changes in acute pancreatitis, we performed qPCR analysis of mouse pancreas mRNA before and after acute pancreatic injury ( Figure 7B ). Acute pancreatic injury did not change pancreatic expression of Itih4 mRNA.
Another potential candidate gene identified in our screen that could be essential for the development of pancreatic fibrosis was vitronectin (Vtn). We demonstrated strong down-regulation of Vtn in the pancreas of mice with CP, with more down-regulation in B6J than B6N mice. Vtn is an abundant component of extracellular matrix and promotes cell adhesion and spreading. Vtn binds to plasminogen activator inhibitor 1 (PAI-1), an important modulator of fibrotic diseases, and stabilizes its activity. 44 Its role in pancreatic fibrogenesis, however, is not known. In support of our finding of striking decreases of Vtn mRNA expression in CP mouse pancreas, recent proteomic studies of human formalin-fixed, paraffin-embedded tissues from normal pancreas and pancreatic tissues from patients with CP identified Vtn as a protein expressed exclusively in normal tissues. 45 One more gene of potential importance identified in our screening is the WD repeat and FYVE domain containing 1 gene (Wdfy1) ( Tables 4 and 6 ). Little information is available in the literature about the functions of Wdfy1, but recently Wdfy1 was identified in microarray studies as a candidate gene influencing alcohol consumption in mice. 9 Expression of CP Candidate Genes in PSCs Isolated from B6N and B6J Substrains Because the differences in the severity of CP between B6N and B6J substrains were not related to the degree of acute injury, but rather from subsequent processes, and that PSCs are the main cell type responsible for fibrogenesis in the pancreas, substrain-specific differential gene expression in PSCs could be responsible for the observed alterations. We therefore examined whether genes identified in the whole pancreas as potential candidates important in CP development are differentially expressed in PSCs isolated from B6N and B6J substrains. To obtain enough cells for the RT-qPCR mRNA analysis, cells were propagated and activated by culturing on plastic culture plates. mRNA expression of Mmp7, Pcolce2, Itih4, Vtn, Wdfy1, C4b, and Ccl8 were measured in PSCs isolated from B6N and B6J mice. The up-regulation in B6J mice was not significantly greater than in B6N mice (P Z 0.02). B: Ccl8 expression in the pancreas after acute ceruleininduced injury. Acute injury induced Ccl8 mRNA increase approximately 2.5-fold in B6J mice, but not in B6N mice. Ccl8 mRNA expression was normalized to Rplp0 and expressed as fold increase over the level in B6N saline-treated control mice. Data are expressed as means with 95% confidence intervals. Confidence intervals were calculated using the DC T values before exponential transformation to fold increase in mRNA and are therefore asymmetric about the means. n Z 6. *P < 0.05.
Expression of Itih4 and Mmp7 was essentially undetectable in PSCs by qPCR. The other genes were all expressed at similar levels in the two substrains (data not shown), except Wdfy1. PSCs isolated from B6N expressed threefold more Wdfy1 mRNA, compared with PSCs isolated from B6J ( Figure 10 ), which is similar to the differential expression found in the whole-pancreas microarray data. We also assessed mRNA expression of vimentin and a-SMA as markers of PSC identity and activation, respectively, and found no difference in the expression of these genes between B6N and B6J (data not shown).
Discussion
CP is a devastating disease, and the mechanisms involved in CP development are actively being studied. A welldeveloped model of CP recapitulating human disease is the use of repetitive cerulein injection in mice. The C57BL/ 6 mouse is the most common inbred mouse strain used in biomedical research, and it is a preferred strain for the propagation of knockout and transgenic mice. The wide demand for this strain has led to the creation and maintenance of multiple separate colonies of C57BL/6 in different facilities for many decades, resulting in substrains of C57BL/6. These substrains are often used interchangeably in experiments, on the assumption that they are genetically identical. Recently, however, data have begun to accumulate that important differences exist in the phenotypes and genotypes of these very similar substrains. Some of the reported phenotypic differences between C57BL/6 substrains include variations in behavior, 8 alcohol consumption and alcohol preference, 9 glucose homeostasis, 12 and response to liver injury. 7 Genetic differences among substrains include genomic copy number variations, 10 single-nucleotide polymorphisms, 11, 46 and spontaneous deletions and mutations. 12, 13, 47 Here, we have reported striking differences in the course of cerulein-induced CP between the B6J substrain from the Jackson Laboratory and the B6N substrain from Harlan Laboratories. C57BL/6 mouse colonies have been bred in these separate facilities for more than six decades. Features of repetitive cerulein-induced CP such as pancreatic atrophy, inflammatory cell infiltration, and fibrosis were significantly more severe in B6J than in B6N mice (Figures 1, 2, and 3 ), whereas the response to acute injury was similar between the substrains (Figure 4 ). This observation led us to test specific hypotheses and obtain a large body of data to explore additional genotypeephenotype associations. These important findings are also relevant to pancreatitis research and to investigations in other fields, because most investigators treat different C57BL/6 substrains as identical, often reducing the identifier simply to C57, B6, or C57 black. If transgenic or knockout mice used in studies are generated on a C57BL/6 background and control mice on a C57BL/6 substrain, then the experimental results could be misleading. It is also critically important to identify the exact genetic background of genetically engineered mice; some mice may have mixed backgrounds, because C57BL/6 mice obtained from different commercial sources sometimes coexist in animal core facilities.
Although the presence of genotypic and phenotypic differences between substrains may, if ignored, lead to misinterpretation of experimental results, the divergence A transcript was considered to be highly significantly divergently expressed between B6J and B6N substrains if the P value between strains was <0.01 and the average fold change was >2. A minus sign in the fold difference column indicates lower mRNA abundance in B6J versus B6N. ajp.amjpathol.org -The American Journal of Pathology among genetically closely related mouse strains or substrains also presents an opportunity to identify genes that may contribute to disease development and progression. 9, 48 In the present study, we examined the potential role of NNT in chronic and acute pancreatitis, because B6J mice lack functional NNT 12, 13 and because NNT may play an important role in preventing mitochondrial oxidative stress. 13 Because mitochondrial oxidative stress plays a pathological role in pancreatitis, 16, 17 we hypothesized that B6J mice have a more severe CP phenotype because of the absence of NNT. However, we did not find any differences in the parameters of CP between transgenic Nnt þ/þ B6J mice and the control mice lacking NNT. Because the level of expression of NNT in the mitochondria of transgenic mice was similar to that in B6N mice ( Figure 5 ), and because transgenic NNT had been previously demonstrated to be a functional protein, 23 we concluded that the loss of NNT is not the sole factor underlying the observed phenotypic differences between B6J and B6N mice. However, our experiment cannot exclude the possibility of more complex geneegene interactions, in which loss of NNT and other differences in gene expression between the two substrains combine to cause the more severe phenotype in the B6J substrain. Interestingly, two substrains of C57BL/6 mice, one with an Nnt mutation and the other without, were recently compared in two models of liver injury; the authors reported that, to their surprise, the substrain with functional NNT expression had more liver injury. 7 Further work is clearly needed to better understand the functional consequences of the loss of NNT in B6J mice.
To identify genes associated with cerulein-induced CP and to understand the genetic factors responsible for observed differences in the degree of CP between B6J and B6N substrains, we performed a microarray gene expression analysis of pancreatic mRNAs from B6J and B6N substrains with and without CP using a whole mouse genome Affymetrix chip. Comparison of pancreatic mRNAs of B6J and B6N substrains treated only with saline revealed that, although most genes were expressed at similar levels between the two substrains, several genes in addition to Nnt were differentially expressed (Table 4 ). Corroborating our findings, two genes with differential expression between the substrains in normal pancreas in our microarray analysis (Entpd4 and Wdfy1) were also found in another study to be differentially regulated in the brain in B6J and C57BL/6NCrl (Charles River Laboratories, Wilmington, MA) substrains. 9 Induction of CP with repeated cerulein treatment caused significant differential regulation (w7.7%) of a large number of genes in both substrains. Our pancreatic gene expression profile associated with CP in the mouse can serve as a valuable data set for understanding some of the contributing factors to CP development and progression. The most highly differentially regulated genes are listed in Table 5 . An interesting result was the finding that mouse T5 (1810009J06Rik) is strongly up-regulated in CP. This mouse trypsinogen isoform is expressed at very low levels in normal pancreas, but it was increased almost 1000-fold after induction of chronic as well as acute pancreatitis (Figure 8 ). We identified T5 as the mouse ortholog of human mesotrypsinogen and of the P23 protein in rats. Importantly, mesotrypsin and P23 are trypsins that are resistant to naturally occurring trypsin inhibitors. 49 The identification of a new trypsin-resistant form of trypsinogen in the mouse during pancreatic injury could be important, because an imbalance of pancreatic proteases, and in particular the trypsin isoforms and their specific inhibitors, is thought to play a central role in the pathogenesis of both chronic and acute pancreatitis. 1 Patients with acute pancreatitis were recently found to have significantly increased serum levels of mesotrypsinogen. 50 The mRNA for T5 was also reported by Hayashi et al 35 to be up-regulated approximately 1000-fold in mouse pancreas lacking interferon regulatory factor 2 (Irf2). Interestingly, Irf2 À/À mice were reported to have a defect in pancreatic endocytosis, 51 and treatment of these mice with synthetic doublestranded DNA caused severe acute pancreatitis and death within 1 week of treatment. Further studies are needed to elucidate the role of T5 in chronic and acute pancreatitis.
Another important group of genes involved in the mechanism of CP encode chemokines. Chemokines play an important role in the inflammatory response to tissue injury, and changes in serum chemokine levels could also be useful as diagnostic markers in early detection of CP. 52 A number of chemokines were up-regulated in the microarray; among these, two members of chemokine (C-C motif) family of ligands, Ccl8 and Ccl6, were highly up-regulated (up to 60fold in B6J mice) (Table 4 ). Moreover, Ccl8 was upregulated to a greater extent in the pancreas of B6J mice than in that of B6N mice, indicating the possibility of its involvement in the mechanism of the more severe CP phenotype of B6J substrain mice ( Figure 9A ). Acute injury did not cause up-regulation of Ccl8 mRNA in B6N; in B6J, it caused slight, approximately twofold, up-regulation. Ccl8 and Ccl6 are not well characterized functionally in the mouse and have not previously been associated with CP.
Because the severity of CP differed between B6J and B6N but there were no differences in the parameters of acute injury between the substrains (Figures 3 and 4 ), we hypothesize that the genes that are differentially regulated in CP between the two substrains could be important in the pathogenesis of pancreatic fibrogenesis, either as factors contributing to causation or the consequence of the severity of injury. In our microarray analysis, we identified nine genes significantly differentially regulated in CP and with different expression levels between the two substrains ( Table 6 ). In support of our findings, one gene from this list, Mmp7, was reported to be involved in the pathology of CP in a CP model caused by surgical ligation of the main pancreatic duct. 40 Several other genes have been reported to participate in the fibrotic mechanisms in other organs. For example, the Pcolce2 gene product was found to be required for the efficient collagen processing and deposition of myocardial fibrillar collagen in a chronic pressure overload
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The American Journal of Pathologyajp.amjpathol.org model. 39 Pcolce2 is an enhancer of collagen synthesis, and its role in pancreatic fibrogenesis is not known. The mRNA of Pcolce2 was induced approximately fivefold after induction of CP in B6J.
Another of our nine genes, Vtn, is reported to be associated with fibrotic diseases. An abundant protein found in serum and in extracellular matrix, Vtn promotes cell adhesion and spreading by multiple mechanisms. Vtn has a high binding affinity for the potent fibrosis-promoting molecule PAI-1, and its expression was found to be closely associated with fibrosis in fibrotic liver and lung diseases. 53, 54 In the kidney, Vtn can both increase and attenuate fibrogenesis, depending on the model, suggesting that its net effect is regulated by local environmental factors. 55 In contrast to liver fibrosis, in our repetitive cerulein model of CP the expression of Vtn mRNA was strongly down-regulated (w6.6-fold in B6J). In support of our findings, human pancreatic tissues from CP patients were also reported to have decreased Vtn expression. 45 Another interesting candidate gene identified in our microarray analysis is Itih4. Its mRNA expression is higher in normal pancreas of B6N, compared with B6J (Table 4 ), raising the possibility that Itih4 could play a protective role. In both substrains, pancreatic expression of Itih4 decreased dramatically after CP induction (Table 5) , with B6N expression remaining higher than B6J (Table 6 ). Itih4 belongs to the subfamily of Kunitz-type protease inhibitors. Five members of this family (Itih1 through Itih5) have been isolated in mice, and all have human homologs. Itih1, Itih2, and Itih3 are plasma glycoproteins assembled in the liver from heavy chains encoded by separate genes and from a light chain, designated bikunin. Proteinase activity of Itih proteins resides solely in the bikunin part of the molecule. 56 Itih4 does not have a site for binding with bikunin and therefore exists as a free heavy chain polypeptide. Although Itih5 has all of the necessary features for bikunin binding, the existence of the complex with bikunin has not yet been demonstrated. In our microarray analysis, Itih5 mRNA level significantly increased after induction of CP, with no alteration for the other Itih genes, indicating possibly different roles of these proteins in pancreatitis. The functions of these proteins are not clear, but they may be involved in the stabilization of extracellular matrix by binding hyaluronan. 42 Itih4 was reported to be highly inducible by IL-6 in regenerating mouse livers, and it is considered to be an acute-phase protein in several animal models for liver. 57 At the same time, Itih4 has been shown to be decreased in the serum of patients with hepatitis C cirrhosis 43 and in multiple human solid tumors. 58 The role of Itih4 in the pancreas has not been studied, although Itih4 mRNA is expressed in human pancreas at a level second only to the liver in abundance. 58 Because we established that the differences in the course of CP arose during the process of fibrogenesis and not from the degree of acute injury, and given that PSCs are the primary source of pancreatic fibrosis, differences in the expression of genes in PSCs might be responsible for the observed substrain differences in CP. In the normal pancreas, PSCs comprise only approximately 4% of the total pancreatic cells; after induction of CP, however, PSCs are activated, proliferate, and acquire a myofibroblast phenotype. 3 Analysis of the microarray results after induction of CP did not reveal any difference between B6N and B6J substrains in the mRNA expression of genes commonly attributed to PSC activation, such as a-SMA or the procollagens. To determine whether differentially expressed genes in the whole pancreas would be differentially expressed in PSCs isolated from B6N and B6J mice, we isolated and cultured activated PSCs from these substrains. Wdfy1 mRNA was expressed at significantly lower levels in PSCs from B6J than from B6N ( Figure 10 ). Further research will be needed to evaluate whether changes in Wdfy1 mRNA expression lead to the changes in protein expression, morphology, proliferation, or fibrotic responses of PSCs.
In conclusion, with the present study we have identified substantial phenotypic differences in the course of ceruleininduced CP in B6J and B6N substrains of C57BL/6 mice. Although NNT is absent in B6J mice, we could not implicate its absence in causing a more severe CP phenotype. Using whole mouse genome Affymetrix microarray analysis, we identified pancreatic transcripts that are associated with the development of CP in mice. Using the B6J and B6N substrains, we have provided a data set for future studies of pancreatic fibrogenesis. Novel transcripts associated with CP identified in the present study include T5, Ccl8, and Ccl6. Finally, by comparing B6J and B6N microarrays, we identified a small subset of potential gene candidates implicated in a more severe phenotype of CP, including Mmp7, Pcolce2, Itih4, Wdfy1, and Vtn. The phenotypic substrain differences and differential gene expression demonstrated in this study also highlight the need to accurately recognize and report the substrain background of C57BL/6 mice used in research and also to avoid the substrain mispairing (likely a common error in the past) that could lead to incorrect interpretation of results. ajp.amjpathol.org -The American Journal of Pathology
